Abstract: Feed and water samples for 828 sows collected at weaning and weekly during gestation were assayed for atrazine content. Atrazine intake >3 μg d −1 resulted in reduced litter size and increased female:male litter sex ratio (P < 0.05). Of 1483 mummified fetuses, the majority of them were male (2.5:1), and mortality primarily occurred in weeks 7 and 8.
Mots-clés : atrazine, taille de portée, rapports femelles/mâles de la portée, foetus momifiés.
Herbicides are used extensively to control weed flora in crop production to enhance raw material quality for animal feed processing. Contamination of crops with herbicides not only is usually detected in raw material but also occurs in complete animal feed. The herbicide most commonly found in pig feed in Thailand is atrazine, a triazine that is both effective and inexpensive and widely used, although it has recently been banned in some countries. Atrazine may be considered to be of relatively low toxicity, but there are studies indicating that it has adverse effects on the reproductive system. Short-term exposure of rats to atrazine inhibited conversion of testosterone to dihydrotestosterone, gonadotropin-releasing hormone (GnRH) pulses, and phasic luteinising hormone (LH) release (Foradori et al. 2014) . Reproductive effects of short-term relatively high-dose atrazine have also been demonstrated in pigs with inhibition of basal LH release (Gojmerac et al. 2004) , an association with cystic ovarian degeneration and disruption of estrous cycles (Gojmerac et al. 1999) .
Concentrations of atrazine in water bodies around agricultural fields are expected to be in the range of 0.3-194 ppb (90 d average) depending on the type of crop and application rate (Tuschl and Schwab 2003) . The objective of this study was to determine the relationship among the level of atrazine contamination in sow feed and water during gestation, the sex ratio of litter, and the number and gender of mummified fetuses.
A total of 828 sows (mean parity 2.8 ± 1.1; range of 1-7) on a commercial pig farm in Thailand were vaccinated for porcine parvovirus, porcine circovirus-2, porcine reproductive and respiratory syndrome, classical swine fever, and Aujeszky's disease. Sows were housed in individual gestation stalls allowing 2.0 m 2 per head in an evaporative cooled breeding and gestation house. Sows were fed 3 kg d −1 of a standard gestation ration, and water was available ad libitum from water nipples. Feed and water samples were collected weekly and assayed for atrazine contamination. Contamination was detected during only two periods (March to April and September to October). Sows were categorized by the average level of atrazine contamination in feed and (or) drinking water (<3, 3-5, and
from weaning to gestation week 5 (first trimester), gestation weeks 6-11 (second trimester), and gestation weeks 12-16 (third trimester). In each of the two 5-wk periods, individual bags supplying 7 d of feed for each sow were delivered to the barn, and from each bag, a single sample of 100 g of feed was taken for assay of natural atrazine content. Additionally, 45 mL of water from each sow stall was collected daily and pooled by sow for the week. Only sows that remained in their trimester group during the 5-wk testing period were included in the analysis, and different sows were used for each trimester. Feed and water samples were stored at −80°C until assayed for atrazine content. For feed analysis, 10 mL of a 90:10 mixture of acetonitrile:water was added to 50 g of feed. Samples were blended for 2 min followed by filtration through a 0.45 μm syringe filter (Bushway et al. 1989 ). The extracted samples were added to 22.5 mL of water and centrifuged at 300g for 15 min, and 25 μL aliquots of supernatant was assayed using an atrazine ELISA® (Abraxis, PA, USA) according to the instructions provided with the test kit. For water analysis, 5 mL of water was centrifuged at 300g for 15 min, and 25 μL aliquots of supernatant was assayed for atrazine level as described for feed. The inter-and intra-assay coefficients of variation (CVs) were 3.1% and 7.2%, respectively. Daily atrazine intake was calculated from average feed intake (3 kg sow
) and average water intake (18.43 L sow −1 d −1 ). Average water intake was estimated from the reduction of water level in the bulk tank daily at 9 am. In addition to sex determination of live-and deadborn piglets, tissue samples from all mummified fetuses (n = 1483) were collected and stored at −80°C until the samples needed for sex determination by polymerase chain reaction (PCR) using the AMEL-F/AMEL-R primer. Genomic DNA was extracted from each tissue sample using the DNeasy® blood and tissue kit (Qiagen, Germany) according to the manufacturer's instructions. Then, 100 ng of extracted DNA was added to 25 μL of PCR reaction mix containing 0.4 μM of AMEL-F and AMEL-R primer, 0.4 mM each of dNTP, 3 mM MgCl 2 , 1 unit taq DNA polymerase (Invitrogen, Germany), and 1× PCR buffer. The reaction conditions were initial denaturation for 3 min at 95°C followed by 35 cycles of denaturation for 30 s at 95°C, primer annealing for 30 s at 53°C, and elongation for 45 s at 72°C. The final elongation step was done for 5 min at 72°C. PCR products were applied to a 1.5% agarose gel, dyed with ethidium bromide, and analyzed after electrophoresis under UV light (Langen et al. 2010) .
Total born litter size, live-born litter size, the number of mummified fetuses, and sex ratio of piglets (calculated from live-and dead-born piglets) were recorded and are presented as LSMean ± SEM. All data except parity were tested for homogeneity of variance by Levene test and normal distribution by the PROC UNIVARIATE option NORMAL and compared among groups using PROC GLM including groups and sampling periods as fixed effects. Means were separated using LSMEAN at a significant level of P < 0.05. The correlation among the level of atrazine intake, total born litter size, live-born litter size, and the number of mummified fetuses were evaluated using PROC REG (SAS version 9.2, SAS Institute, Inc., Cary, NC, USA).
There were no effect of sow parity or trimester (P > 0.05) on litter characteristics and no correlation among the level of atrazine intake, total born litter size, live-born litter size, and the number of mummified fetuses (P > 0.05). The litter size (live and dead), litter sex ratio, and number of mummified fetuses were similar for sows having atrazine contamination of feed and (or) water below 3 μg d −1 in all trimesters (P > 0.05). <3 (2.6 ± 0.1) 276 All 11.3 ± 2.3a 10.9 ± 1.8a 1.6 ± 0.5a 106.8 ± 14.2 1.1 ± 0.6a <3 (2.6 ± 0.1) 92 First 11.2 ± 2.2a 10.7 ± 1.9a 1.7 ± 0.2a 120.4 ± 12.3 1.1 ± 0.4a <3 (2.5 ± 0.3) 92 Second 11.1 ± 2.4a 10.8 ± 2.1a 1.6 ± 0.3a 138.6 ± 11.2 1.2 ± 0.6a <3 (2.8 ± 0.2) 92 Third 11.7 ± 1.9a 11.2 ± 1.6a 1.6 ± 0.4a 58.3 ± 12.4 1.1 ± 0.4a 3-5 (4.5 ± 0.3) 276 All 10.4 ± 2.6a 9.7 ± 1.4a 1.4 ± 0.8a 109.7 ± 16.3 1.6 ± 0.3ab 3-5 (4.5 ± 0.3) 92 First 9.8 ± 2.3b 9.3 ± 1.1b 1.3 ± 0.5a 119.2 ± 13.5 2.6 ± 0.4b 3-5 (4.7 ± 0.2) 92 Second 10.4 ± 1.7a 9.8 ± 2.1a 1.3 ± 0.4a 133.1 ± 11.5 1.1 ± 0.2a 3-5 (4.6 ± 0.3) 92 Third 10.9 ± 1.5a 10.0 ± 1.7a 1.6 ± 0.6a 76.9 ± 14.7 1.0 ± 0.6a >5 (6.1 ± 0.1) 276 All 9.6 ± 2.5b 9.0 ± 1.4b 2.0 ± 0.4ab 152.2 ± 8.2 1.8 ± 0.7b >5 (6.1 ± 0.1) 92 First 9.3 ± 2.2b 9.0 ± 1.2b 1.1 ± 0.5a 89.2 ± 7.9 2.1 ± 0.7b >5 (6.3 ± 0.4) 92 Second 10.8 ± 2.1a 10.3 ± 1.4a 1.5 ± 0.8a 133.1 ± 19.2 1.0 ± 0.3a >5 (6.6 ± 0.2) 92 Third 8.7 ± 1.8b 7.8 ± 1.8b 3.3 ± 0.7b 255.1 ± 23.5 2.4 ± 1.5b
Note: Within columns, means with different lowercased letters differ P < 0.05. a The crown-rump measurements were used solely to estimate fetal age at death. The sex ratio refers to the female:male ratio.
Total born piglets and piglets born alive were reduced, and the female:male sex ratio was increased in litters from sows suffering contamination of atrazine in feed and (or) water of 3-5 μg d −1 during the first trimester of gestation (P < 0.05; Table 1 ). Regarding mummies, fetal age at death was calculated to be 7-8 wk of gestation. Sows having atrazine contamination of feed and (or) water higher than 5 μg d −1 during their third trimester presented the highest number of mummified fetuses and also exhibited an increased female:male litter sex ratio (P < 0.05; Table 1 ). The average crown-rump length of mummified fetuses indicated that they likely died during weeks 12 and 13 of gestation. The gender determination of mummies revealed that the majority of them were male (1056 male vs 427 female).
In early gestation, we found that the effects of atrazine result in low litter size and increased fetal mortality in sows having atrazine-contaminated feed. Our data show adverse effects in pigs at relatively low levels (>3 μg d −1 ), possibly indicating increased sensitivity to atrazine effects in pigs compared with rodents or reflecting the chronicity of atrazine intake. There are reports of adverse reproductive effects in male rats including reduced sperm motility, lower epididymal sperm concentrations, and toxic effects on testicular cell morphology by following atrazine treatments over 60 d at 60-120 mg kg −1 body weight, but these doses were very high compared with those in the present study.
Many of the effects of atrazine can be attributed to its ability to act as an endocrine disruptor. The reproductive cycle in adult females is a complex process with gametogenesis and embryogenesis under the control of steroid hormones, making these events potential targets for endocrine disruptors (for review, see Pocar et al. 2003 ). An alternative, or additional, etiology for poor reproductive performance may be an effect mediated by altered gonadotrophin production. It has been established that, albeit at releatively high doses, atrazine will inhibit GnRH pulses with downstream effects on pituitary LH secretion in female rats (Foradori et al. 2009 ). In female pigs, LH is the primary hormone controlling follicle growth to ovulation, so an impact on steroid production and timing of ovulation is possible. This could result in poorer timing of insemination relative to ovulation with consequenses for oocyte quality at fertilization. In turn, this could influence reproductive outcomes including fertilization rates, embryo survival, and subsequent luteal function which would be reflected in the first trimester. Furthermore, LH is the primary luteotrophic hormone during gestation, and the adverse effects of atrazine on litter production are most apparent when consumed during the wean-estrus interval plus first trimester. We cannot, however, explain the impact of >5 μg d −1 atrazine during the third trimester on litter characteristics but is evidently a dose-dependant effect, possibly acting via lethal fetal toxicity. It is interesting that the reduction in litter size associated with atrazine contamination >3 μg d −1 resulted from fetal death, and that the fetal mortality mostly involved male fetuses. The reason for this apparent gender specificity for fetal mortality is not known. However, it has been shown that uterine crowding tended to favor female embryos (Tse et al. 2008) , possibly suggesting that male embryos were not as robust as their female contemporaries or were more sensitive to in utero substrate limitations. In conclusion, ongoing atrazine contamination of sow feed and (or) water at the levels greater than 3 μg d −1 can be expected to reduce litter size by selectively targeting male fetuses. It remains to be determined whether similar levels of contamination during lactation will impair fertility, specifically conception rates. Regardless of potential effects on swine reproduction, clearly the potential for atrazine contamination of swine feed ingredients needs to be controlled, initially involving a hazard analysis and critical control points (HACCP) analysis. If possible, feed ingredients should be screened for contamination, and if required, dietary dilutions should be implemented.
